Coal workers' pneumoconiosis (CWP), silicosis, and asbestosis were the most common occupational diseases in the 20 th Century. The passage of the Mine Health and Safety Act in 1968 resulted in reduction of occupational exposures to coal, silica, and asbestos fibers and, thus, decreased incidence of the diseases. However, the most recent data showed that, from the beginning of the 21 st Century, a significant increase in the occurrence and severity of CWP took place in the U.S. This occurrence necessitates a comprehensive review of this issue. Among many factors, cumulative dust exposure (CDE), a product of dust concentration and working tenure, is the most important cause of the disease. The molecular mechanisms mostly center on iron-mediated oxidative stress and cell signaling, leading to inflammation, possibly epithelial mesenchymal transition (EMT) to fibroblasts, and ultimately fibrotic changes. In order to combat the recent increase in CWP, reducing coal dust levels and decreasing the toxicity of the coal at the work setting are the first practical measures to take. Exposure biomarkers, which are based on iron, and early disease biomarkers in inflammation and EMT can be developed for early detection before the conventional chest x-ray diagnosis is possible. In summary, through dust reduction, delay of mining highly toxic coal, and identification of susceptible workers, CWP is preventable.
Introduction
The World Coal Institute estimates that proven coal reserves at current production levels of approximately 5 billion tons per year will last at least 155 years (http://www.worldcoal.org). Should oil prices remain high, coal and coal products will play an increasingly important role in fulfilling the energy needs of our society and around the world. Today, 51% of the electricity in the U.S is generated by coal-fired power plants, and the Department of Energy (http://www.fossil.energy.gov) forecasts that coal will account for about 57% by the year 2030.
The most notorious health problem associated with coal mining is the black lung or coal workers' pneumoconiosis (CWP), a lung disease contracted from prolonged exposure to coal dusts. CWP, silicosis, and asbestosis are three of the most common occupational diseases of the 20 th Century. Research on coal, silica, and asbestos fiber has led to effective control of dust exposure levels and reduced disease rates in the past. However, from the beginning of the 21 st Century to the time of the most recent data in 2006 , there has been a significant increase in the occurrence and severity of CWP and progressive massive fibrosis (PMF) in U.S. coal miners (1) . For example, during this short time period, CWP prevalence is more than doubled among coal miners with greater than 20 years' tenure. The goal of this review was to compare pathogenesis of CWP with those of silicosis and asbestosis. A review on the successful reduction of silicosis and asbestosis may lead to the development of effective preventive measures and ultimately a decline in CWP prevalence.
Definitions of CWP, silicosis, and asbestosis
CWP, silicosis, and asbestosis are all pneumoconioses, which are caused by overload of coal dust, silica, and asbestos in the lung, respectively.
The term "pneumoconiosis" embraces non-neoplastic reactions of the lungs to inhaled mineral and organic dusts, and the resultant alterations in their structure, excluding asthma, bronchitis, and emphysema (2, 3) . It can be defined as a dust burden disease in the lungs and the tissue's reaction to its presence (4) . CWP results from inhalation of coal dust, a complex mixture usually containing small amounts of free crystalline silica, clay, sulfides such as pyrite, carbonate, and carbonaceous materials (3). Coal is a combustible, sedimentary, organic-rich rock, composed mainly of carbon, hydrogen, and oxygen (5, 6) . Organic material dominates, typically representing 75-90% (w/w) of a dry coal. These organic materials occur in different petrographic types, called "macerals", which reflect the nature of the precursor plant material and differ in their color/reflectance, morphology, and chemical and physical properties.
The inorganic portion of coal comprises 10-25% (w/w) and is composed of phyllosilicates (kaolinite, illite, etc.), quartz, carbonates, sulfides, sulfates, and other minerals (6) . In general, Al and Fe are the main metals existing as aluminosilicates and pyrite in the coals, and As, Ni, Zn, Cd, Co, Cu are trace metals that represent only a very small fraction of the inorganic constituents (7) .
Silicosis is a fibrotic disease of the lungs produced by inhalation of dust containing silicon dioxide (SiO 2 ), primarily in the free crystalline form, also commonly referred to as quartz or free silica (8). Silica may also exist in a noncrystalline form (amorphous). Crystalline silica is the most toxic form of silica, posing a major health hazard to workers (9). Because of the abundance of silica in the environment and its widespread use in consumer products and industrial manufacturing, exposure occurs in a large variety of industries and occupational settings (8).
Asbestosis is a fibrotic lung disease resulting from the inhalation of asbestos fibers (10). It occurs after long-term, heavy exposure to asbestos. Asbestos is a general term used to describe a class of minerals that occur in deposits throughout the world and is the smallest naturally occurring fiber. Due to its flexibility, durability, and resistance to heat and chemical corrosions, asbestos became widely used in industry. Although its use has been banned in most developed countries, exposure still occurs in occupational settings and also occasionally in domestic settings.
Results and discussions

Cumulative dust exposure (CDE) and pneumoconiosis development
A major focus of epidemiological studies in CWP, silicosis, and asbestosis is to offer a quantitative estimate of risk for disease development. The study on South African miners was among the first to question the protectiveness of the occupational exposure limit (OEL) and to indicate that exposure at 0.1 mg/m 3 for a 40-or 45-yr working lifetime might not protect against silicosis (11). Since then, a number of other epidemiological studies reported varying estimates of silicosis risk associated with a lifetime of work at the current occupational standard (8). It has been suggested that the dose-response curve for silicosis is nonlinear, with risk increasing more rapidly at higher exposure levels (11).
As a result of the increasing emphasis on exposure-response characterizations for occupational hazards, a quantitative estimation of exposure was developed in CWP epidemiology (12, 13).
Cumulative dust exposure (CDE) estimates were calculated for each miner by multiplying the coal dust concentration and the time worked underground. CDE estimates are commonly expressed as units of gram-years per cubic meter (g-yr/m 3 ) (14). Application of CDE to exposure-response led to stronger relationships between coal dust exposure and prevalence of CWP than those obtained by using surrogate measures of exposure, such as tenure underground (15-18).
CDE is the most important risk factor for CWP, silicosis, and asbestosis ( Figure 1 ). The current standard of the OEL for quartz is 0.05 mg/m 3 , which may not be sufficient to protect workers' health (19-21). Recently, the OEL for asbestos was lowered from 2 fibers/m 3 to 0.1 fibers/m 3 over an 8-hr time period. The OEL for coal dust was doubled from 1 mg/m 3 to 2 mg/m 3 at the beginning of the Century and has recently been proposed to be reduced back to 1 mg/m 3 . Increased production and longer hours worked (22) as well as small coal mine size with less sophisticated dust protection (23) could result in the recent increase in the prevalence and severity of CWP. Moreover, other factors such as quartz content or levels of bioavailable iron vary from one coalmine region to another (24). Increased exposure to these two potential active components due to deep drilling through siliceous rock may explain why the prevalence of CWP is increased more in Kentucky, Virginia, and West Virginia than in other regions in the U.S. (24, 25).
The pathogenesis of CWP appears similar to those of silicosis and asbestosis. Cells are able to repair injuries by themselves, but when injury exceeds repair, a permanent damage could occur (26). When injury exceeds repair, a permanent damage could occur in the cells and eventually extend to the lung tissue and lead to the development of CWP, silicosis, and asbestosis ( Figure 1 ).
Iron, oxidative stress, and cell signaling in CWP, silicosis, and asbestosis
CWP, silicosis, and asbestosis are considered to be human lung pathologies related to oxidative stress. Oxidative stress is a disturbance in the oxidant/antioxidant steady state in favor of oxidants, which leads to cellular damage. The presumed mechanism is through the ability of reactive oxygen species (ROS) to induce biochemical alterations in macromolecules such as DNA, lipids, and proteins (27). Iron is one of the best transition metals capable of producing ROS through Fenton, Haber-Weiss, and autoxidation reactions (28) . Figure 2 illustrates that the molecular mechanisms of these pathologies are mostly centered on iron, a common constituent in coal (29) , asbestos (10, 30), and silica (31) . To support this view, asbestos-exposed individuals have altered iron homeostasis in the lungs as manifested by increased levels of bronchoalveolar lavage fluid (BALF) iron, transferrin, transferrin receptor, lactoferrin, and ferritin (32) . Moreover, levels of iron bound to low molecular weight ligands, ferritin, and lipid peroxidation were significantly higher in lung epithelial A549 cells treated with various coals than in control cells, with decreasing iron levels in coals from Utah < West Virginia < Pennsylvania, in parallel to the prevalence of CWP in these coal mine regions (33) . Generation of oxidants by the inhaled particles as well as by the activated cells such as alveolar macrophages (AMs) could result in activation of cell signaling pathways. Activator protein-1 (AP-1), nuclear factor-kappa B (NF-B), and nuclear factors of activated T cells (NFAT) are critically important factors to cope with oxidative stress insults in cells. As intensity of oxidative stress increases, kinases such as protein kinase C become activated (34) . Upon phosphorylation and nuclear translocation, AP-1 and NF-kB regulate cell migration, proliferation and apoptosis. It has been shown that the coal from the Pennsylvania coalmine region with a high prevalence of CWP transactivates AP-1 and NFAT signaling pathways (35) . In contrast, coal from the Utah coalmine region, which has a low prevalence of CWP, has no such effects. The promoter/enhancer regions of many inflammatory cytokine genes contain AP-1, NFAT, and NF-B binding sites (36) . For example, human interleukin-6 (IL-6) gene promoter and enhancer region contains several binding sites of NF-B, AP-1, and CREB (cAMP-responsive element binding protein) (37) . In experiments to assess AP-1 as a candidate for coal-mediated IL-6 transcriptional activation, specific inhibitors of AP-1 pathways such as PD98509 and SB203580, two specific inhibitors of MEK1 (ERKs pathway) and p38 MAPK, were shown to abolish coalinduced IL-6 mRNA and protein expressions (38) . Several reports have also demonstrated AP-1 and NF-B activation by quartz (39) and asbestos (40) .
The Nalp3 inflammasome in AMs has been identified as a major proinflammatory sensor for silica and asbestos, which stimulates the secretion of mature IL-1 (41, 42) . Mature IL-1 is produced by cleavage of the inactive pro-IL-1 precursor by caspase-1, which is activated within a large multiprotein complex, termed the inflammasome (43) . The inflammatory response and subsequent development of lung fibrosis after inhalation of silica is dependent on Nalp3 inflammasome (41) . In a model of asbestos inhalation, Nalp3 knockout (Nalp3 -/-) mice showed diminished recruitment of inflammatory cells to the lungs, paralleled by lower cytokine production (42) . Coal dust has not been tested in the Nalp3 inflammasome studies (41, 42) . Particles on the alveolar surface, which are not cleared by AMs, can be transported rapidly across the epithelium to the interstitium (44) . Type II cells grow and divide to epithelialize the alveolar surface through differentiation. They express proteases, which play a role in clearing fibrin deposits from the alveolar space. It has become increasingly evident that epithelialmesenchymal transition (EMT) during tissue injury plays an important role in organ fibrosis (Figure 2) (45, 46) . Such EMT is found to be associated with progressive fibrosis occurring in kidney, lung, liver, and intestine (47) (48) (49) . Direct evidence indicates that alveolar epithelial cells serve, via EMT, as important precursors of fibroblasts that arise during the course of organ fibrosis (50, 51) .
The term EMT describes a series of events during which epithelial cells lose many of their epithelial characteristics such as expression of E-cadherin and laminin and take on properties that are typical of mesenchymal cells (46) . Fibroblastspecific protein 1 (FSP1), alpha-smooth muscle actin (-SMA) and collagen-1 are reliable markers of the mesenchymal cells. These markers, along with discoidin receptor tyrosine kinase 2, vimentin, and desmin, have been used to identify epithelial cells that are in the midst of undergoing an EMT associated with chronic inflammation. Such cells, probably representing the intermediate stages of EMT, continue to exhibit epithelialspecific morphology but showed concomitant expression of the mesenchymal markers FSP1 and -SMA. Ultimately, these cells shed all of their epithelial markers and gain a fully fibroblast phenotype. They disrupt the epithelial layers via degradation of the basement membrane, accumulate in the interstitium of the tissue, and contribute to fibrosis development. Whether coal, silica, and asbestos induce EMT is still an unknown matter, which needs to be further investigated (30).
Other risk predictors of CWP
While CDE is the most important risk factor, striking regional differences in the prevalence of CWP exist among different coal mine regions despite comparable dust exposure. For example, in the U.S., the disease is more common in Pennsylvania than in the rest of Appalachia. It occurs less frequently in the Mid-West and much less so in the West (52) . In France, coal miners of Provence did not display CWP (0%) whereas the prevalence of CWP in coal miners of Nord Pas de Calais was 24% (53) . In Great Britain, the proportional mortality ratios for CWP varied from 135 (95% CI 16-488) in Leicestershire county to 3825 (95% CI 1538-7881) in South Glamorgan county (54) . The observed regional differences in the prevalence of CWP indicate that the physicochemical characteristics of coal mine dust responsible for CWP development may vary from region to region.
Coal rank, quartz content, and levels of bioavailable iron in the coal, have been shown to play important roles in the regional differences, which were reviewed in detail (29, 55) . It is noteworthy that buffering capacity of the coals appears to be the most important chemical component controlling the dissolution of coal particles and, thus, release of bioavailable iron and cleaning of quartz surface for biological activities. Buffering capacities of coals are directly related to the presence of calcite (CaCO 3 ) in the coals (56) . The coals from Western U.S., such as Utah and Colorado contain higher levels of calcite than those from Pennsylvania and West Virginia coal mines. Epidemiological studies showed that coals from Utah and Colorado are less hazardous to coal workers than the coals from Pennsylvania and West Virginia.
In addition to the physico-chemical nature of the coal, genetic factors may also contribute to the regional differences in the prevalence of CWP. Some individuals may be susceptible to coal dust exposure but others may not. It is widely known and accepted that there is large variation between individuals in their response to air pollutants (57) . Genetic association studies have compared the adverse effects of air pollutants between subjects with specific genotypes in biologically relevant genes. In human studies of ozone exposure, polymorphisms in oxidative stress genes, such as nicotinamide adenine dinucleotide dehydrogenase, quinone 1 (NQO1), glutathione S-transferase M1 (GSTM1), glutathione S-transferase pi (GSTP1), modify respiratory symptoms, lung function, and serve as biomarkers and risk predictors of asthma (57) (58) (59) (60) (61) . Inflammatory gene polymorphisms (e.g., tumor necrosis factor or TNF) influence the lung function response to ozone and the effect of different levels of ozone on the development of asthma. Polymorphisms in oxidative stress genes (GSTM1, GSTP1) alter the response to combined exposure of ragweed pollen and diesel exhaust particles (61) . In a small sample size study, GSTT1 gene deletion has been suggested to have a protective effect on the development of asbestosis (62, 63) . Polymorphisms in the tumor necrosis factor-alpha (TNF-) gene promoter may predispose workers to severe silicosis (64) . Although there is no positive study linking genetic susceptibility to CWP (65) , it is conceivable that genetic factors play a role in the disease.
Proposed prevention of CWP
According to the knowledge gained through reduction of silicosis and asbestosis, four strata of protection can be used to end the recent uptrend in CWP prevalence (Figure 3) . The first practical measure is to reduce coal dust levels at the work setting by strictly enforcing the OEL and the time a worker spends in the dusty area. Improved ventilation, the use of water spray to wet and capture airborne dust, inclusion of additives such as foams into the water spray, and optimizing the cutting tools to generate less dust are current dust control strategies in underground coalmines (66) . An administrative control could be added to remove the worker from the dusty environment rather than removing dust from the environment. Developing better means of controlling dust levels in and around mines and managing work hours to reduce CDE would be effective in preventing CWP.
When exposure to coal dust is unavoidable because dust reduction may have been maximized, the second step is to use better understandings of coal properties to predict and/or decrease the toxicity of the coal dust. It has been proposed that levels of bioavailable iron in the coals can be used to predict coals' toxicity, even before large-scale mining (24). Coal from the West Coast has been found to contain large amounts of calcite, which prevents iron in the coal from becoming bioavailable (56) . Calcite can easily react with acid to produce Ca 2+ ions and CO 2 , which are nontoxic. The consumption of the acid will accelerate the oxidation of bioavailable iron to nonbioavailable form of iron (e.g., goethite, FeOOH). Moreover, because CaCO 3 is more alkaline than FeCO 3 or FeSiO 3 , the ability of CaCO 3 to react with acid in the aqueous medium is stronger than those of FeCO 3 or FeSiO 3 . Under circumstances when only a small amount of acid is available (e.g., phagolysosomes) or calcite is in large excess, no iron can be released to induce oxidative stress and subsequent biological reactions. Silica has also been considered an important toxicant in the coal (29, 67) and surface activity of quartz plays a critical role in catalyzing the formation of oxidants (31, 68) . In the presence of calcite, there are no acids available to clean the surface of quartz, rendering its surface inactive. Step 1 is to reduce dust concentration in the work setting; step 2 is to predict and decrease the toxicity of coal during mining; step 3 is to develop exposure biomarkers such as changes in iron levels to quantify exposure of individual coal workers; step 4 is to explore disease biomarkers to identify those who are likely susceptible to CWP development. These steps are early prevention and detection measures that should be taken before diagnosis of CWP by chest x ray.
Calcite is widely used in the coal industry; it is the main constituent of rock dust, applied in underground mines for prevention of explosions, and has long been recognized in the treatment of acid mine drainage. Pulverized calcite is added to the boilers of coal-fired power plants to absorb SO 2 and NO x , important components of acid rain. By adding calcite into the Pennsylvania coals, it was shown that calcite decreased bioavailable iron levels, but increased Ca 2+ levels as well as pH in the aqueous coal suspensions (69) . These results indicate that calcite in the coals may prevent lung disease and may be applied as a dust mitigation strategy to reduce coal's toxicity. This dust mitigation could be implemented through engineering modification to existing technology.
Third, biomarkers of exposure should be developed to predict and quantify exposure and dose. Based on the hypothesis that iron induces ROS and inflammation and causes lung injury and CWP, inhalation of iron-containing dust should alter body iron status. Increased total systemic iron stores, as evidenced by increased serum ferritin levels, were reported in welders who are exposed to iron dusts (70, 71) . Therefore, changes in levels of serum iron, transferrin saturation rate, soluble transferrin receptor (sTfR), and ferritin should be evaluated as exposure biomarkers for toxic coal. Because of the opposite regulation of transferrin receptor and ferritin by iron, the ratio of sTfR/ferritin could be used as a sensitive biomarker of exposure to iron-containing coal (72) .
Last, early biomarkers of the disease should be developed. When coal dust-induced cellular injury exceeds cellular repair capacity, CWP starts to develop. When coal workers take x-rays and there are opacities in the lung, CWP has occurred and it is often too late to stop the disease progression. Therefore, early disease biomarkers with quantifiable changes in serum rather than in BAL should be identified and validated for early detection. TNF-, IL-6, IL-8 and transforming growth factor-beta (TGF-) are critical in inflammation, fibrosis, and other diseases (73) (74) (75) . AMs from pneumoconiotic patients were shown to spontaneously produce large amounts of oxidants, TNF-, IL-6, TGF-, and fibronectin (76, 77) . Although these cytokines and factors in the serum are properties shared by many inflammatory states and not necessarily linked to CWP, higher exposure and disease biomarkers in serum may be initially investigated with x-ray. Validation of these markers may offer an opportunity of early detection. Those coal workers identified at high risk of developing CWP should be transferred to avoid further coal dust exposure and CWP progression. In conclusion, through these multiple strata of the protection, CWP is preventable. 
